by Cys residues provided a protein that under nonreducing conditions was fully oxidized. The far-UV CD spectra of this mutant in the reduced and oxidized states indicated that their secondary structures were identical to the structure of the wild type recombinant apoLp-III, which contains no Cys residues. Near-UV CD studies confirmed the formation of a disulfide bond and the absence of structural perturbations. The lipid binding activity of the reduced mutant, as determined by its ability to form discoidal lipoproteins, was nearly identical to that of the wild type protein. Contrarily, the disulfide form of the mutant was not able to form discoidal lipoproteins with liposomes of either dimirystoylphosphatidylcholine or dimyristoylphosphatidylglycerol. It is concluded that the separation of the helices 1 and 5 constitutes one of the key steps along the complex pathway for the formation of the final apolipoprotein lipid-bound state. It is inferred that the conformational flexibility of helices 1 and 5 is a key property of apoLp-III, allowing the exposure of hydrophobic protein regions and the interaction of the hydrophobic faces of the amphipathic ␣-helices with the lipoprotein lipid surface.
Apolipophorin-III (apoLp-III)
1 is an exchangeable apolipoprotein found in the hemolymph of many insect species in a lipid-free state or bound to the major insect lipoprotein, lipophorin. (1, 2) . The structure of apoLp-III from two different insect species has been solved. The structures of Locusta migratoria and Manduca sexta apoLp-III were determined by x-ray crystallography (3) and NMR spectroscopy (4), respectively. The structure of apoLp-III is described as an elongated bundle of five amphipathic ␣-helices, where the nonpolar faces of the helices are oriented toward the protein core. A similar structure, but consisting of a four-helix bundle, is present in the N-terminal domain of human apoE (5) . M. sexta and L. migratoria apoLp-III share a large number of physical-chemical properties with the apolipoproteins from humans and other vertebrates (1, 6, 7) . Among the common features of exchangeable apolipoproteins are their ability to reversibly bind to lipoprotein surfaces, their content and type of amphipathic ␣-helices (6) , and their ability to form discoidal lipoprotein particles (8) .
The association of apolipoproteins with lipids is a complex process that involves several steps including protein conformational changes and the disruption of the structure of the phospholipid monolayer or bilayer. Because of this complexity, the elucidation of the limiting steps and energy barriers involved in the formation of lipoproteins is also a complex task. Two processes were clearly distinguished in binding of apoLp-III to a planar lipid bilayer (9) ; the first process consisted in an adsorption of apoLp-III to the phospholipid bilayer, whereas the second process involved the insertion of the protein into the lipid bilayer and the formation of lipoprotein complexes (9) . A recent study with disulfide mutants of apoE has shown that three binding steps involving different conformations of the protein can be distinguished along the pathway that leads to the formation of discoidal lipoproteins of apoE and DMPC (10) . The initial binding step(s) of the apolipoprotein to the lipid surface may be envisaged as an adsorption process involving small structural changes in the protein. On the other hand, large conformational changes may be needed to achieve the final lipid-bound state, which is thought to involve major interactions between the nonpolar faces of the amphipathic ␣-helices and the lipid surface (6 -8, 11, 12) . The role of the conformational flexibility is expected to be particularly important for apolipoproteins that have a defined tertiary structure, such as apoA-I, apoE, and apoLp-III. The nonpolar sides of the amphipathic ␣-helices of these apolipoproteins are mostly buried in the protein core, unavailable for interaction with a lipid surface. A recent spectroscopic study of single Trp mutants of L. migratoria apoLp-III in the lipid-free state showed that the helices 1 and 5 are characterized by a greater hydration and mobility than helices 2-4 (13). On the basis of the conformational flexibility of helices 1 and 5 and the relevance of this property to the function of an exchangeable apolipoprotein, we suggested that the separation of the helices 1 and 5 could constitute an important step in the exposure of the hydrophobic core of the protein that is required to achieve the lipid-bound state (13) . In order to investigate the validity of this model, we have designed a double Cys mutant, which allowed us to tether the helices 1 and 5 of apoLp-III and test the role of their conformational flexibility in the lipid binding properties of the apolipoprotein. The results of this study demonstrate an essen-tial role of the conformational flexibility of the N-and Cterminal helices in the lipid binding activity of the apoLp-III.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Site-directed mutagenesis was carried out using the commercial kit, "QuickChange", manufactured by Stratagene. A pET-32a plasmid (Novagen, Madison, WI) containing the insert of L. migratoria apoLp-III was used for mutagenesis. The polymerase chain reaction containing the plasmid and the primers was performed according to the manufacturer instructions using the Pfu DNA polymerase. Competent cells, Epicurian (Stratagene), were transformed with the polymerase chain reaction. The plasmid DNA of the transformed bacteria was sequenced from the S-tag and T7-terminator sites. AD494 expression host cells were transformed with the pET-32a-apoIII plasmids containing the correct sequences.
Wild type L. migratoria apoLp-III contains no Cys residues and two Trp residues at positions 113 and 128. The double Cys mutant was constructed using as template the single Trp mutant W128F. The reason for choosing the single Trp mutant instead of the wild type protein resides in the fact that the former is spectroscopically simpler and therefore will be useful for future fluorescence spectroscopic studies of the double Cys mutant. This strategy was possible because the structural and lipid binding properties of the single Trp mutant are indistinguishable from the properties of the wild type protein. The location of the Cys residues was chosen on the basis of the crystal structure of L. migratoria apoLp-III (aep1.pdb). The following substitutions were carried out: T18C (helix 1) and A147C (helix 5). The amino acid sequence surrounding the residues Thr 18 and Ala 147 are IAE-AVQQLNHTIVNAAHEL and EAAEKTKEAAANLQNSIQS, respectively. A helical wheel representation obtained at the Web site of the ExPASy Molecular Biology Server indicates that Ala 147 is located near the center of the hydrophilic face of the ␣-helix 5, whereas Thr 18 is located near the interface of the polar and nonpolar faces of helix 1 (data not shown). On the other hand, from the crystal structure of apoLp-III, and using the program Insight-II, it was inferred that replacement of residues Thr 18 and Ala 147 by Cys would result in a protein containing a solvent-exposed disulfide bond (Fig. 1) .
Protein Expression and Purification-Thioredoxin-apoLp-III fusion proteins were overexpressed and isolated from the bacteria as previously reported (13, 14) . The fusion proteins were purified by standard nickel affinity chromatography. Recombinant locust apoLp-III was cleaved from the rest of the fusion protein with enterokinase (Novagen, Madison, WI). ApoLp-III does not have any cleavage sites for enterokinase. ApoLp-III was purified from the cleavage reaction by nickel affinity chromatography and ion exchange chromatography in DE52. The purity of the proteins was monitored by SDS-polyacrylamide gel electrophoresis.
Circular Dichroism-CD spectra were acquired in a Jasco-715 CD instrument using a 0.1-cm path length cell over the 190 -250-nm range and a 1-cm path length cell in the near-UV (250 -315 nm). The CD spectra were acquired at 25°C every 1 nm with a 2-s averaging time per point and a 1-nm band pass.
Alkylation of the Double Cys Mutant-After its purification, the recombinant double Cys mutant was recovered in a fully oxidized state, disulfide form. The Cys residues were alkylated with iodoacetamide. The reaction was performed in 50 mM potassium phosphate buffer containing 100 mM iodoacetamide and dithiothreitol at pH 6.5. The excess of dithiothreitol and iodoacetamide was removed by dialysis.
Protein Determination-The protein concentration in lipid-free apoLp-III samples was determined by UV absorption spectroscopy in the presence of guanidine HCl using an extinction coefficient of 5700
Ϫ1 for single Trp mutants and 11,400 M Ϫ1 cm Ϫ1 for the wild type protein, which contains two Trp residues. UV absorption spectra were recorded with a HP 8453 diode array spectrophotometer.
Kinetics of ApoLp-III-DMPC Interaction-The kinetics of formation of discoidal lipoproteins of apoLp-III/DMPG or apoLp-III/DMPC was monitored by the decrease in absorbance at 325 nm that accompanies the transformation of the multilamellar liposomes into discoidal lipoprotein particles as described by Pownall et al. (15) . The reactions were performed at 23.4°C (DMPG) or at 23.9°C (DMPC), under continuous magnetic stirring, in a Hewlett Packard diode array spectrophotometer equipped with a temperature-controlled cell holder. The reaction was started by the addition of 50 l of a liposome suspension (2.5 mg of phospholipid/ml). Data acquisition was started within 15 s after the addition of the liposomes. Because the reaction of apoLp-III is much faster with liposomes made of DMPG than DMPC (16), the kinetics using liposomes made with DMPG was carried out at a lower (1:86) protein/lipid molar ratio than the reaction with DMPC (1:16).
RESULTS

Structural Properties of the Double Cys
Mutant-Using the crystallographic structure of L. migratoria apoLp-III (3), the residues Thr 18 and Ala 147 were found suitable to design a disulfide bond tethering the centers of helices 1 and 5. The C␤ atoms of these two residues have an optimal distance and orientation for the formation of a disulfide bond without altering the protein structure. The double-Cys mutant W128F/ T18C/A147C was constructed, expressed, and purified. The ability of the double Cys mutant to form a disulfide bond was readily assessed by SDS-polyacrylamide gel electrophoresis gel shifts. As expected from other studies of disulfide-containing proteins (10, 17) , in the oxidized form the double Cys mutant displays a greater electrophoretic mobility than in the reduced state (Fig. 2) . The reduced Cys mutant has the same electrophoretic mobility as apoLp-III molecules containing no Cys residues (wild type protein and W128F mutant). The intensity of the protein bands in Coomassie Blue-stained gels indicates that 100% of the protein is oxidized under nonreducing conditions. The double Cys mutant can be reduced by dithiothreitol in the presence of denaturants or SDS. However, in the native lipid-free state, this mutant spontaneously and rapidly reoxidizes to the disulfide form. Because the reducing agents interfere with the spectroscopic studies of the secondary and tertiary structure of the protein, it was chosen to alkylate the Cys residues with iodoacetamide, which does not modify the protein charge. The protein was readily alkylated by iodoacetamide, and its electrophoretic mobility was identical to that of the wild type protein (Fig. 2) . We will refer to the alkylated protein as the reduced state of the double Cys mutant.
A potential perturbing effect of either the mutations per se or the state of oxidation of the disulfide bond on the secondary structure of ApoLp-III was assessed by circular dichroism in the far-UV. Fig. 3A shows the CD spectra of the double Cys mutant in the oxidized and reduced states as well as the spectra of the recombinant wild type apoLp-III and the single Trp mutant W128F, which was used to construct the double Cys mutant. Clearly, there are no significant differences among the far-UV CD spectra of the proteins. These results indicate that the formation of a disulfide bond or the alkylation of the Cys residues had no impact on the structure of apoLp-III. In every case, the CD spectra of the proteins were nearly identical and indicated that the proteins were highly ␣-helical. An estimate of the ␣-helical content using the method of Chen and Yang (18) indicates that the proteins contain between 56 and 62% of ␣-helix structure.
Potential changes in the packing or tertiary structure of apoLp-III resulting from the mutations or the state of oxidation of the disulfide bond were investigated by near-UV CD spectroscopy (Fig. 3B) . The CD spectrum of the single Trp mutant containing no Cys residues (W128F) is dominated by the spectroscopic properties of the Trp residue. The intensity of the CD bands observed between 260 and 310 nm indicates strong packing constrains for this Trp residue, which is located in helix 4. The addition of two Cys residues (T18C/A147C) does not change the CD spectrum of the Trp residue of apoLp-III in either the reduced or oxidized state of the disulfide bond. It is interesting to point out the apparent contribution of the disulfide bond in the near UV CD spectrum of the oxidized protein.
It can be observed in the Fig. 3 that between 250 and 270 nm, the intensity of the CD spectrum is larger when the Cys residues are forming a disulfide bond. This is the region where the CD absorption bands of the disulfide bond are expected (19) .
Overall, the CD studies indicated that the mutants were suitable to study the role of the conformational freedom of helices 1 and 5 on the function of apoLp-III.
Kinetics of Formation of Discoidal Lipoproteins-The ability of apoLp-III to interact with liposomes and form discoidal lipoproteins particles was tested by studying the clearance of turbidity that occurs when exchangeable apolipoproteins interact with liposomes and induce the formation of discoidal lipoprotein particles (15) . Multilamellar liposomes made of DMPC or DMPG were used in these assays. Fig. 4 shows the decays of turbidity observed with several proteins; the reduced double Cys mutant T18C/QA147C spontaneously reacts with DMPC or DMPG liposomes with a reaction rate similar to that of observed with wild type recombinant apoLp-III or the W128F mutant. In agreement with a recent study on wild type L. migratoria apoLp-III (16), the reactions were faster with DMPG than DMPC. On the other hand, no differences were observed between the changes in optical density obtained with liposomes alone (blank) or in the presence of the disulfide form of the mutant. This result indicates that when the helices 1 and 5 are tethered by a disulfide bond, apoLp-III is unable to form discoidal lipoprotein particles. A similar result is observed with either DMPC or DMPG liposomes. Moreover, the formation of discoidal lipoproteins was not apparent even after 24 h of incubation of the liposomes with the disulfide mutant.
DISCUSSION
Depending on the structure of the lipoprotein, two models are used to describe the interaction of the ␣-helices of exchangeable apolipoproteins with lipoprotein-lipid surfaces. For spherical lipoproteins, it has been proposed (6) that the amphipathic ␣-helices have an orientation parallel to the phospholipid monolayer surface. In this case, the hydrophobic faces of the helices are embedded in the phospholipid monolayer, whereas the hydrophilic faces remain at the lipid surface and strengthen the lipid-protein interaction by means of ionic interactions with the charged groups of the phospholipid. On the other hand, in discoidal lipoprotein particles, the apolipoprotein is assumed to stabilize the lipoprotein particle by interacting with the acyl chains along the periphery of the lipid bilayer disc (8, 12, 20 -22) . In any of these two possible final lipidbound states of the apolipoprotein, a massive interaction of the helices with the lipoprotein lipid surface is thought to take place. Therefore, the achievement of the final lipid-bound state must involve a massive conformational change probably involving the displacement of entire helices to allow the exposure of the protein hydrophobic core. This conformational change is expected to occur at least in some apolipoproteins, such as apoLp-III, apoE, and apoA-I, for which most nonpolar domains of the amphipathic ␣-helices are buried in the protein core. Thus, it is reasonable to assume that the conformational flexibility of the apolipoprotein may play a major role in the lipidbinding process. Two alternative models have been introduced to explain the mechanism of opening of the helix bundle of apoLp-III required for the interaction with the lipid. The first model was introduced by Breiter et al. (3) , who on the basis of the crystal structure of apoLp-III and previous studies suggesting that apoLp-III could adopt two conformations at the waterair interface (23) postulated that the five-helix bundle undergoes a lipid-triggered opening at putative hinge domains located between helices 2 and 3 and between helices 4 and 5. This opening would expose a large extent of the hydrophobic interior of the protein allowing the lipid-protein interaction required for the final lipid-bound state. However, a subsequent study with M. Sexta apoLp-III showed that cross-linking of the loops connecting helices 1 and 2 and helices 3 and 4 did not prevent the apolipoprotein molecule from interacting with DMPC and forming recombinant lipoprotein particles (24) . Therefore, we can infer that this mechanism is not taking place or that alternative mechanisms for the exposure of the hydrophobic domains can take place when the loops are tethered. We have recently introduced a second model proposing that one of the early conformational changes of apoLp-III during the lipidbinding process could involve spreading apart helices 1 and 5 (13) . This model was based on experimental data indicating that helices 2-4 of apoLp-III constituted a well packed domain, whereas helices 1 and 5 were more mobile and hydrated as well as on the assumption that the conformational flexibility constitutes a key property of exchangeable apolipoproteins (13) . To test the validity of this model, we investigated the effect of decreasing the conformational flexibility of helices 1 and 5 on the lipid binding activity of the apolipoprotein. For this pur- pose, we constructed a double Cys mutant that in the disulfide state tethered the centers of helices 1 and 5 of apoLp-III. The structure of this mutant as studied by circular dichroism indicated that the mutations and the formation of the disulfide bond did not introduce a major perturbation in the secondary structure of the protein. Moreover, the internal packing of the protein, as determined by the packing constraints of the single Trp residue, was not altered, indicating that the disulfide mutant in either the alkylated state or the oxidized state was suitable to the study of the functional role of the conformational flexibility of helices 1 and 5. The results obtained in the kinetics of formation of discoidal lipoproteins clearly showed that in the oxidized state the disulfide mutant is unable to promote the formation of discoidal lipoproteins when incubated with either DMPC or DMPG liposomes. These results indicate that the separation of helices 1 and 5 constitutes a key step in the formation of discoidal lipoproteins.
Alternative mechanisms for the exposure of the hydrophobic core of the disulfide-tethered protein are in principle available. For instance, the helical bundle of the disulfide-tethered apoLp-III could still relax and expose its hydrophobic core to the lipid surface by breaking the interactions between any of the other four pairs of neighboring ␣-helices or by a mechanism similar to that proposed by Breiter et al. (3) , in which the interactions between two pairs of helices are simultaneously broken. In this regard, a recent study of disulfide mutants of apoE clearly showed that alternative mechanisms of opening of the helix bundle are available to apoE (10) . The study with human apoE showed that tethering any of the four contiguous pairs of ␣-helices with a disulfide bond was not enough to prevent the formation of discoidal lipoproteins. Three disulfide bonds, which effectively prevented opening of the helix bundle, were required to abolish the ability of apoE to spontaneously interact with DMPC liposomes and form discoidal lipoproteins (10) . Given the similarities in structure and functional properties shared by the N-terminal domain of human apoE and the full-length apoLp-III (1, 11) and the demonstration that alternative lipid-binding mechanisms are available for human apoE (10), it was particularly surprising to find that only one disulfide bond was able to abolish the ability of apoLp-III to form discoidal lipoproteins. The inability of the disulfide mutant of apoLp-III to form discoidal lipoproteins clearly indicates that the conformational freedom of helices 1 and 5 is essential to the lipid binding process and cannot be substituted by alternative conformational changes.
The association of apolipoproteins with a lipid surface is a complex process that involves several steps including protein conformational changes as well as changes in the structure of the lipid surface. Because of this complexity, the elucidation of the key steps and energy barriers involved in the apolipoprotein-lipid interaction is a difficult task. Evidence for the existence of at least two binding steps has been reported for apoE (9) and for apoLp-III (10). The initial binding step of the apolipoprotein to the lipid surface may be envisaged as an adsorption process and could involve a small protein domain. This small domain could be a permanent surface domain or a result of short range conformational fluctuations. Contrarily, to reach the final lipid-bound state, which involves the interaction of large helical regions with the lipid surface, the apolipoprotein must undergo a major conformational change. This conformational change is likely to take place in several steps that gradually increase the extent of the lipid-protein interaction to achieve the final lipid-bound state. Among these steps, long range concerted movements of entire helices might be needed. The fact that tethering the helices 1 and 5 of apoLp-III renders an inactive apolipoprotein suggests that the movement of helices 1 and/or 5 away from the helix bundle constitutes one of the key and early steps along the complex pathway for the formation of the final apolipoprotein lipid-bound state. Further investigations on the role of helices 1 and 5 in the lipid-protein interaction will be necessary to obtain additional insights into the mechanism of lipid binding. In this regard, the study of the arrangement of the helices in the lipid-bound state may prove to be useful for the understanding of the relevance of helices 1 and 5 in the lipid binding process.
